Abstract-An Ion Chamber Amplifier (ICA) is used as a safety device for neutronic power (flux) measurement in regulation and protection systems of nuclear reactors. Therefore, performance reliability of an ICA is an important issue. Appropriate quality engineering is essential to achieve a robust design and performance of the ICA circuit. It is observed that the low input bias current operational amplifiers used in the input stage of the ICA circuit are the most critical devices for proper functioning of the ICA. They are very sensitive to the gamma radiation present in their close vicinity. Therefore, the response of the ICA deteriorates with exposure to gamma radiation resulting in a decrease in the overall reliability, unless desired performance is ensured under all conditions. This paper presents a performance enhancement scheme for an ICA operated in the nuclear environment. The Taguchi method, which is a proven technique for reliability enhancement, has been used in this work. It is demonstrated that if a statistical, optimal design approach, like the Taguchi method is used, the cost of high quality and reliability may be brought down drastically. The complete methodology and statistical calculations involved are presented, as are the experimental and simulation results to arrive at a robust design of the ICA.
I. INTRODUCTION

I
T is well known that the conventional fossil fuels will not last indefinitely. Hence, several alternative energy sources, including nuclear, are in operation. Nuclear reactors operating in many advanced and developing countries provide power for industry and residential consumption. Safety is an important issue in the operation of these reactors and safety-related equipment and instruments utilized in the reactor must qualify the requirements of standards such as IEEE-323 and IEEE-603 [1] , [2] . The equipment used for monitoring the performance and safety of reactors must be highly reliable in a nuclear environment [3] , [4] . Such instruments include Geiger-Muller counters, scintillation detectors, ion chamber amplifiers, ionic detectors, etc. These instruments are part of the radiation monitoring systems and are connected to Reactor Protection Systems (RPS).
They use integrated and/or discrete electronics in their amplification and signal conditioning modules [5] . An Ion Chamber Amplifier (ICA) is one such important safety device, extensively used in the Nuclear Power Plants.
An ICA is used for reactor regulation and protection. It is a highly important device in nuclear reactors since it monitors the neutron flux in the nuclear reactor. The neutronic ion chamber has a coating of enriched B-10 and it makes use of (n, ) reaction, for measuring the neutron flux. The ion chamber bin (a sub-rack typically 3U or 6U in height; inches), placed adjacent to the reactor core houses several neutron detectors, which generate an ionic current proportional to neutron flux. This ionic current (typically of the order of 2pA to 300 A) enters the ICA through a shielded, tri-axial cable to avoid electromagnetic and electrostatic interference and to minimize the noise. The ICA amplifies this weak signal and passes it on to subsequent signal conditioning stages to provide linear, logarithmic and log rate outputs proportional to the input ionic current. Since an ICA works with very low input currents, very high input impedance operational amplifiers are used at its front end.
In a Nuclear Power Plant (NPP), the exposure of electronic instruments to gamma radiation is an important concern. Neutrons are also emitted, but the neutron flux decays exponentially and most of the neutrons get either reflected or absorbed within the limit of reactor vessel boundary. The remaining neutrons are absorbed in the biological shield. Hence, the magnitude of the neutron flux in the region where the ICA would usually be located does not pose a significant problem. However, as mentioned earlier, the ion chamber bin is located adjacent to the reactor core for sensing neutron flux responsible for producing reactor power. A small fraction of the gamma radiation is able to leak out and may affect the semiconductor devices of the neighboring electronic systems, which are sensitive to gamma radiation exposure [6] - [9] . For example, it is well known that the basic parameters of an op-amp, e.g., the input bias current, the input offset voltage and the input offset current, change in the nuclear radiation environment [10] . The excess temperature and high Relative Humidity (RH) surroundings are also responsible for the deviation in the characteristics of the neighboring electronic systems.
In spite of the gamma radiation and other hazards, it is still desirable to locate the ICA, as close as possible to the detector, in order not to lose the low level signals at the detector terminals due to the higher probability of noise pick-up owing to long cable lengths. Short cables are preferred to avoid various radiated Electro-Magnetic Interference (EMI) sources typically emanating from dynamic equipment located in the reactor 0018-9499/$25.00 © 2008 IEEE building. This hazard is especially critical during start-up and low power operation of the reactor when the input currents are in the range of pico Amperes (pA) to nano Amperes (nA) and the logarithmic stage of the ICA is functional. Apart from the fact that the noise is comparable to the signal current in this range, it is also known that in this regime of operation, the log amplifier is more susceptible to noise pick-ups, due to increased base-emitter junction resistance [11] .
In this paper, we consider how to achieve reliable performance of an instrument like the ICA, whose operation is completely dependent on operational amplifiers and other semiconductor devices. Clearly, one will have to ensure that the electronics used in the ICA is rated for the dose of gamma radiation normally present in its vicinity. During normal operating conditions, the gamma radiation activity in the vicinity of the ICA is of the order of rads/hour and therefore the expected cumulative dose in a year is approximately 44 krads. Likewise, high temperature may also affect the performance of the ICA. Normal operating temperature in the vicinity of an ICA is in the range of 50-55 C [12] . However, the currents handled by the devices are very low and hence the junction temperature does not go beyond the devices' rated temperature (typically 85 C). Therefore heat sinking is not warranted.
Use of statistical approach for reliable and optimal design of systems, including electronic systems, has become quite popular. This approach ensures the performance and safety of critical electronic systems employed for space, nuclear, weapons, sub-marine and aerospace applications, to name a few. The Taguchi method is one of the most popular statistical methods and is a powerful tool to qualify electronic systems against variations in the input parameters, environmental stresses and changing operating conditions [13] , [14] . An ICA is the ideal case for the application of Taguchi method for its performance optimization and reliability enhancement. This paper presents the use of Taguchi method to optimize the operating performance and increase the reliability of an ICA under varying input signals and environmental conditions. To the best of authors' knowledge, no such work has been reported which includes the application of Taguchi method for the robust design of a critical instrument, like the ICA, to optimize its performance. It is observed that using a statistical approach like 'Taguchi', high quality performance and high reliability are achievable at a lower cost.
The remaining of this paper is organized as follows. Section II gives a brief description of an ICA along with a block diagram and identification of the critical points in the circuit. The prevailing approach for reliability improvement and its limitations are discussed in Section III. Section IV describes the robust design approach based on Taguchi method. Functioning of the ICA circuit is explained in Section V. The work related with the reliability improvement of an ICA using Taguchi method, including the identification of control and noise factors as well as input levels with experimental layout, is described in Section VI. P-diagram is also included. Section VII presents the simulation and experimental results. Section VIII analyzes the data, discusses the results and suggests the best possible configuration for an ICA followed by design validation. Finally, Section IX summarizes the major conclusions and contributions of this work. Before discussing the design optimization of an ICA circuit using Taguchi method, it is important to review its architecture. The schematic block diagram of an ICA highlighting the various stages is shown in Fig. 1 . The first stage comprises DC amplifiers, used in the to conversion. Since the currents during the reactor start-up (not source range start-up, but normal power range start-up after typically a few days of shut-down) are in the range of pA to A, it is imperative that the resistance of the input stage of the DC amplifier (log amplifier) is of the order of and its bias current is of the order of 0.01 pA. This high input impedance necessitates mounting of these ICs on Teflon "stand-offs" [9] , since the glass-epoxy Printed Circuit Board (PCB) has an impedance of the order of only . Further, the amplifier is housed in a hermitically sealed container in order to prevent moisture condensation on its input leads, which could result in a low impedance path parallel to the input impedance stage.
Thus, the ICA input stage is a critical stage, typically consisting of a special Ultra Low Input Bias Current (ULIBC) op-amp, which receives the ionic current from the ion chamber. The reference input block provides a reference voltage to the logarithmic amplifier. The linear output stage gives a voltage linearly proportional to the input ionic current whereas the log output stage gives an output voltage, which is a logarithmic function of the entire range of the input current. The buffer stages are incorporated for intermediate buffering and corresponding displays are provided on the front panel of the ICA module. The power measured by the ICA is used for the power regulation of the nuclear reactor [15] . An ICA unit consists of the following modules: a) Pre-amplifier module: It consists of high input impedance devices and buffer amplifiers packed into a stainless steel casing, which is sealed with an Ethylene Propylene Rubber (EPR) gasket for preventing the entry of moisture into the casing. b) Signal-conditioning module: Amplified output from the pre-amplifier module is fed into the signal conditioning module to obtain linear, log and log-rate outputs, proportional to the input current. c) Low Tension (LT) power supply module: It consists of V (regulated DC) and V (unregulated DC) power supplies, which are used to bias the electronic circuits in the ICA unit. (typically 500-800 V DC) is used to polarize the ion chamber. e) Analog display module: It provides an analog display of the linear, log and log rate outputs of the ICA unit on its front panel. The electronic circuits for signal conditioning, display and power supply modules contain the conventional semiconductor devices and components, whereas the pre-amplifier module consists of very low input bias current op-amps along with conventional devices and components.
III. PREVAILING APPROACH OF RELIABILITY IMPROVEMENT
AND ITS SHORTCOMINGS Considering the potential adverse effects of gamma radiation and other hazards on electronic systems, conventionally the following approach and guidelines are adopted to improve the reliability of devices, such as an ICA, operating in a nuclear environment.
1) Low active to passive component ratio: Active devices, in general, are more vulnerable than the passive devices and spurious delayed responses can occur in circuits after irradiation because of the delayed release of charges trapped in insulating material during ionization. Hence, the number of active components should be as low as possible in the circuit design. 2) Low circuit power dissipation: The electronic circuit shall be designed for low power dissipation. There are two reasons for the need of low power dissipation. First, the power supply is the most difficult component of a system to harden against radiation and hence it is ideal to have minimum power demand. Secondly, the active devices mostly appear short circuited during irradiation, which allows excessive current and can cause permanent damages in the circuit. 3) Minimum dependence on current gain: The current gain of various active devices in the circuit and the overall gain of the circuit configuration is the most sensitive parameter against radiation exposure. Hence, the circuit design shall be such that the dependence of the output response on the current gain is minimal.
4) Use of military grade components:
This offers extra temperature margin without radiation-hardened characteristics. 5) Use of radiation hardened devices/components: They are used for very critical safety-related instruments in NPP responsible for safety, for example during Loss Of Coolant Accident (LOCA). 6) Maximum logic flexibility: It is a requirement of radiation-hardened circuit that it adequately meets the radiation specifications and allows flexibility in its control logic. The design based on the above criteria shows good reliability and generally works without difficulty, but needs regular testing and maintenance activities related with the performance of the electronic systems. A regular periodical replacement of the damaged PCBs of the system is essential. However, during normal/full power operational transients and accidental scenario like small LOCA, the above system is likely to fail and the safety-related system becomes unreliable which is not a healthy situation for the operation of the NPP. Besides, the cost of the system incorporating the above guidelines is very high which increases the capital budget of the reactor. In view of this, the proposed approach focuses on designing a robust as well as highly reliable system with an optimum cost. The proposed design needs to work satisfactorily in a hazardous environment of nuclear reactor for an expected service life of 40 years of the reactor without any difficulty and drawbacks.
IV. BRIEF DESCRIPTION OF THE ROBUST DESIGN APPROACH
Techno-economical design of an equipment/instrument, safety-related instrument in particular, is a challenge to the design engineer. In this context, a robust method has been proposed by Taguchi to handle these challenges in a systematic and efficient way to optimize the system design for its quality, performance and cost [16] , [17] . The method is based on a statistical approach of variation in the output response of the system owing to variation in the characteristic parameters of the devices/components of the system. The best design of a system is determined by the use of strategically designed experiments, which expose the system to varying environmental conditions called noise factors. The method uses a mathematical tool called orthogonal arrays to study a large number of control variables with an optimum number of experiments. The method measures the quality of the equipment/process by evaluating Signal-to-Noise (S/N) ratio from the experimental results. Optimization of the S/N ratio helps in the determination of the best design [13] , [14] .
In this work, Taguchi method has been used to improve the functional robustness of an ICA by determining the appropriate parameter values for integrated circuits, particularly op-amps, which should be used in the circuit design. The design parameters of the devices used in the ICA must take into account the exposure to gamma radiation and the increase in the ambient temperature in a nuclear reactor. An ICA is categorized as an example having 'nominal-the-best' type quality characteristic as its output response. The formation of an appropriate orthogonal array after identification of control, noise and signal factors is a crucial step during implementation of the Taguchi method to ICA. Orthogonal arrays stipulate several experiments based on a number of combinations of control, noise and signal factors. The ICA response must be obtained for each of the combinations, generating the necessary data, which is analyzed to obtain the most optimum design.
V. FUNCTION OF THE ICA CIRCUIT
A detailed description of an ICA has been presented earlier in Section II. This Section describes the working of the ICA circuit. Amongst the various modules of ICA, described in Section II, the pre-amplifier module is the heart of the ICA, which carries out all the main functions. The other modules are supportive in nature. The pre-amplifier module comprises of the following amplifier circuits: a) A linear amplifier. b) A log amplifier. c) A log rate amplifier. The circuit diagram of a typical pre-amplifier stage of an ICA is shown in Fig. 2 . This stage typically consists of a very low input bias current op-amp e.g., LMC6001AIN, DN8500A, AD549JH etc., which detects and conditions the extremely weak ionic current from the ion chamber. The output of this op-amp goes to two independent circuits viz. linear and log circuits. For linear range, the output of front-end op-amp goes into a precision instrumentation amplifier such as AD8610, INA101AM, LTC6915, etc., which has suitable gain to obtain a linear output proportional to the input ionic current. For the logarithmic range, the reference voltage derived from a precision programmable voltage reference chip such as AD584, MAX5431 or conventional variable converter source goes to an op-amp such as OPA128JM, OPA111AM, TC7652, etc. (requirement is not as stringent as the front-end) along with transistors such as 2N2920A or 2N2483 or any other high gain transistors connected in pair. A dual packaged transistor pair e.g., 2N2920A is used for the logarithmic conversion and compensation and ensures better thermal stability. The reference voltage obtained from this stage and the output of the front-end op-amp in the log circuit goes to another precision instrumentation amplifier like AD8610, INA101AM, LTC6915, etc. of suitable gain. The output of this instrumentation amplifier goes into another low input bias current op-amp like the OPA128JM, OPA111AM, TC7652, etc. to get the desired logarithmic output corresponding to the input ionic current.
The ICA specifies an output of 0 to V DC for the linear output stage corresponding to 0 to 150% of full reactor power [5] . Likewise, an output of V DC to V DC is specified for the log output corresponding to % to 150% of full reactor power. The log rate output is also derived from the log power output to monitor the rate of change of power with respect to time and it gives an output of V DC to V DC corresponding to %/sec to %/sec full reactor power ramp. All the three outputs, linear, log and log rate, are monitored as they enter into the signal conditioning circuit for conversion into the standard range of 4 mA to 20 mA DC for linear and log output stages and 10 mA to 50 mA DC for log rate output stage respectively. These signals are, then, transmitted to the reactor control inputs.
VI. RELIABILITY IMPROVEMENT OF AN ICA USING THE TAGUCHI METHOD
Taguchi technique relies on a statistical approach for the design of highly reliable systems. The technique comprises of a systematic methodology to be applied to the development of robust and reliable systems. The procedure requires that several statistical equations be solved to obtain the best parameter values of the design [13] - [17] .
Taguchi method considers the output response of a system due to the variation of control factors under the influence of other control factors and the noise factors. The control factors (z) are defined as the factors on which the output is directly dependent, whereas the noise factors (x) are those which are unpredictable and change with the operating environment e.g., temperature and gamma radiation exposure, as in this work. The signal factors (M) are the parameters selected by the designer of the equipment to express the desired response of the equipment. The Process/Product, P-diagram [13] of an ICA, representing the methodology is shown in Fig. 3 . The reason for choosing Taguchi method for reliability (and safety) improvement is that it not only considers the effect of changing control factors, but also considers the effect of environmental changes (noise factors) and ensures the output performance taking into account the overall variation in these factors. The main objective of this work is to obtain a robust design of an ICA operating under nuclear environment, by selecting suitable operating limits for the control factors, noise levels and the changes in the input.
The circuit of the ICA under consideration consists of several op-amps, transistors, a voltage reference IC and military standard passive components e.g., resistors and capacitors, which have extra thermal capacity. As mentioned in Section IV, Taguchi method requires identification of the control factors, noise factors, input levels etc. [16] , [17] to form an orthogonal test matrix with all possible combinations of the above factors. This is described next. i) Control factors: They can be designated as (a) Design parameters that influence the overall performance and (b) Input(s) that can be controlled. Based on these considerations, the gain values of all the op-amps, responsible for deviation in the ICA output, can be treated as control factors. Accordingly, five control factors, each having three levels within a band of %, have been considered for preparing the test matrix (orthogonal array) [13] , [14] . ii) Noise factors: There can be deterioration in the functionality of the circuit due to the ambient temperature variation and the gamma radiation exposure. These two parameters are considered to be the noise factors, each having 3 levels. It may be noted that even though the devices used for this work are of military standard specifications, the temperature variation has still been considered in order to account for localized hot spots, ageing phenomena, etc. iii) Label factors: A label factor considers the periodical input changes (if any) [17] , [18] . Therefore, it is important only for cyclic inputs, e.g., an AC system. An ICA involves only DC input signals and hence the label factor has not been considered. However, it is a part of signal factors in Fig. 3 . iv) Signal factor: The input signal factor is the input ionic current fed to the input (first) stage of the circuit, and is split into 8 levels ranging from pA to A. v) Response: The ICA provides linear, log and log rate quantities as the output response, proportional to the input ionic current. The linear range is suitable for the [20] entire power range of the nuclear reactor whereas the log range is useful during start-up and low power operation of the nuclear reactor. The log rate provides the rate of change of reactor power, especially required for low power operation of the reactor. vi) Ideal function: Typical input/output relationship and the specifications of an ICA are shown in Tables I(a), (b) and (c). Table II shows the list of factors considered along with their corresponding levels, to optimize the performance of an ICA working in a nuclear environment. The control factors have been assigned to an orthogonal array and all other noise factors and input signals are assigned to an outer array [17] . The temperature levels have been selected as 27, 55 and 85 C whereas the gamma radiation cumulative dose values considered are 0 (no irradiation), 20 krads and 40 krads to form 9 combinations of noise factors for each set of control factors. Eight levels of TABLE II  LIST OF THE FACTORS CONSIDERED ALONG WITH  THEIR CORRESPONDING LEVELS input current, containing linear (50 to 300 A) and log (2 pA to 300 A) ranges are considered.
VII. SIMULATION OF ICA
The pre-amplifier circuit shown in Fig. 2 , which forms the main core of any ICA circuit, has been simulated using PSPICE software to obtain the desired calibration in linear, log, and log rate configurations. Fig. 4(a) and (b) show the graphical representation of the output voltage obtained from the linear and log configurations through simulation. The simulation results match with the calibration data of the ICA [ Table I ]. During simulations, each of the active devices has been configured/modeled to match its characteristics prescribed in the data sheets e.g., values of the input bias current, input offset voltage, input offset current, close loop gain, etc. The connections are made as shown in Fig. 2 , and simulations have been carried out [19] .
Five control factors, with 3 levels each, imply that a total of i.e., 243 combinations are possible which one can use for experimentation along with the different combinations of noise and input signal levels. The total number of combinations for the noise factors is 3 i.e., 9. All the 8 input signal levels are considered with each combination of the test matrix to evaluate the linear and log power output of the ICA. The first trial is done with the baseline conditions i.e., all the control factors and noise levels are considered at level 1. In the second trial, the level of one of the control factors (A) is changed to 2, keeping the rest of the control and noise factors' levels unchanged. The results of this trial are compared with those of trial 1 to determine the effect of control factor A on the overall performance. The results of trial 3, where the level of control factor (B) is changed to 2, keeping the rest of the control and noise factor levels unchanged, are compared with the earlier trials to estimate the effect of control factor (B) on the performance. The process is continued in this manner. The above procedure was adopted for determining the effect of variation in the level of control factors for all possible combinations. Eighteen (out of 243) combinations of control factors, which were found to significantly affect the performance of an ICA, were identified by extensive simulations resulting in 18 sets [ Table III] of experiments or orthogonal array [13] , [14] . Table III shows the orthogonal array with all the control factors and noise levels indicated.
To determine the performance of the entire ICA during gamma irradiation, one should irradiate the entire unit to observe the deviation in the output [5] . However, this exercise would not only damage the expensive ICA unit, but in addition the uniformity of irradiation of the entire ICA unit is not ensured. The latter will undoubtedly induce an error in the irradiation results. Actually, it is well known as to which components of an ICA are prone to gamma radiations and which are not. It is well known that gamma radiation does not affect the resistors, inductors, capacitors, and wires, etc. Hence, it is better to irradiate only those discrete components of the circuit (e.g., semiconductor devices), which are affected by the ionizing radiation. Subsequently, the results of deviation in the basic parameters of these devices can be incorporated into the simulation model. These modified device models can replace the existing device models in the simulated circuit and the simulation of an ICA can be carried out to determine the overall output deviation of the circuit. This method is found to predict the performance of an ICA under gamma radiation exposure fairly accurately. The low input bias current op-amps were irradiated in a gamma chamber to determine the deviation in the basic parameters of the op-amps and then the behavior of the ICA unit under irradiation was determined by using PSPICE simulations. The integrated circuits of the ICA considered, e.g., DN8500A, INA101AM, OPA111AM, AD584, and 2N2920A were irradiated individually to determine the deviation in the basic parameters of these devices. In case of op-amps, the input bias current and the input offset voltage were monitored, whereas, for transistors the common emitter current gain was recorded. The deviation in the preset output voltage was measured for the voltage reference IC. A very precise setup has been used to measure these critical parameters. Table IV shows the experimental data obtained by actual gamma irradiation of the op-amps used in the ICA circuit. This data was used in the PSPICE simulation of the circuit shown in Fig. 2 . It has been observed that the input bias current, input offset voltage, and input offset current of very low input bias current op-amps change significantly on exposure to gamma radiation. The input bias current of op-amps DN8500A, OPA111AM and INA101AM varies drastically [5] , [9] with exposure to gamma radiation. The input bias current of the op-amp DN8500A increases from 0.023 pA to 0.145 pA after exposing to 5 krads. The input bias current of op-amps OPA111AM, and INA101AM changes from 0.1 pA to 3.1 pA and 0.004 A to 0.0065 A respectively, after a gamma irradiation of 5 krads. The input offset voltage of the op-amps DN8500A more than doubles after the exposure of 40 krads, whereas in case of op-amps OPA111AM and INA101AM, the input offset voltage changes from 0.57 mV to 0.683 mV and from 0.45 to 0.75 mV respectively, after gamma irradiation of 40 krads. Thus, it can be concluded that these op-amps are among the most sensitive devices that make up the ICA. To obtain the output voltage pattern for both linear and log power during irradiation, the devices (op-amps) were re-modeled by incorporating the actual values of input bias current and input offset voltage into the simulation of the circuit. Tables V(a) and (b) show the simulation results for the ICA after irradiating the components for linear and log power modes, respectively. It is observed that the variation in linear output voltage is marginal but the variation in the log output voltages, particularly in the pA current input range, is significant.
To identify the best possible combination of control factors, where the deviation in the output voltage of ICA is as low as possible, a set of experiments, with the parameter values as mentioned in the 18 arrays, has been carried out by entering these values into the simulation. The output was noted and, subsequently, the proportional function (L) and signal to noise ratio (S/N) were calculated using 'nominal-the-best' criteria, as shown below [13] : (1) where is the input signal and is the output signal. (2) where is the mean of the proportional function L, and is the variance.
VIII. DATA ANALYSIS, FACTOR EFFECTS, OPTIMUM DESIGN
AND VERIFICATION To determine the robust combination of the control factors for op-amps in order to overcome the degradation due to the effect of gamma radiation exposure and excess temperature, the modified output voltage pattern and subsequently the output voltage values were obtained for all the combinations of noise factors for a given control factor. In a similar way, the output voltages for the linear and log power stages were obtained for the remaining seventeen combinations of the control factors by simulation.
The proportional function (L) is the ratio of the summation of the product of output and input and the summation of input. Accordingly, the proportional function is calculated for linear and log power mode of operation for all combinations of the noise levels and all input signal levels for a given combination of control factors. The variance and signal to noise ratio (S/N) for a given combination of control factors is calculated with the help of (2) after determining the mean of proportional function values. As an example, the mean of for the combination A1, B1, C1, D1, E1 is . Accordingly, the variance and S/N ratio of for this combination is and 48.52 respectively. Table VI shows the variance and signal to noise ratios calculated for 3 out of 18 combinations of control factors. The other 15 combinations are similarly dealt with.
For each row of the orthogonal array , the proportional function and signal to noise ratio (S/N) have been calculated with the help of (1) and (2) . The S/N ratio is a measure of the functional robustness whereas the sensitivity alone is a measure of the proportionality of the output response to the input signal. The Hermitian transformation is applied to calculate the S/N ratio in the orthogonal arrays. Table VII shows the control factors and the corresponding proportionality function, variance, and S/N ratio, whereas Table VIII shows the noise levels and the corresponding variance for the linear and log power modes. In Table VII , the mean of proportional function is the mean of all proportional functions corresponding to individual control factors A1, A2, A3, B1, , E2, E3, for the linear and log power modes, calculated using Table VI. Likewise, is the variance of all proportional functions corresponding to the individual control factors A1, A2, A3, B1, , E2, E3, for linear and log power modes, calculated using Table VI. Using the data from Table VII , the graphs of the five control factors have been plotted against the S/N ratio. These graphs provide the best combination of control factor levels, which maximizes and ensures the functional robustness of the ICA circuit considered. It should be noted that the S/N ratio should be maximum for the best combination. Fig. 5 (a) and (b) show the variation of S/N ratio with the variation in control parameters under the influence of changing control and noise factors for linear and log power respectively. The combination of the control factor levels has been selected to maximize the functional robustness of the ICA circuit. It is clear that the combination of A1, B2, C2, D1 and E3 gives the best results for linear power mode whereas A2, B2, C1, D2 and E2 is the optimal combination for log power mode, since these values render the maximum S/N ratios. Fig. 6(a) and (b) show the change in the variance of the proportionality function level 3, is observed. For control factor E, an abrupt increase in the variance from level 1 to level 2 is observed. The change in variance occurring for a change in the level of control factors should be as small as possible so that the output performance or response remains unaltered. Thus, an abrupt change in the variance from one level of control factor to another level is not desirable. This suggests that the level of the control factors A, B, C and D should be limited to less than or equal to 2 whereas the level of the control factor E should be greater than or equal to 2. Thus, selecting the voltage gain of all the op-amps in the circuit of ICA accordingly, will result in better S/N ratios. Considering the above strategy, it is noticed that A1, B2, C2, D1, and E2 is the optimal combination of the levels of the control factors for the linear and log power modes since it gives the best S/N ratios besides achieving minimum variance in L. Fig. 7 shows the change in the variance against noise factors for the linear power mode, whereas Figs. 8 and 9 show the change of variance with temperature and gamma radiation, respectively, as noise factors for log power mode, which suggests the optimum values of the stress for operating the equipment in the environment of gamma radiation.
Verification: The actual replacement of the desired ULIBC op-amps in place of the existing op-amps on the PCB of the pre-amplifier circuit of an ICA requires a highly specialized technique. The replacement work needs to be performed in controlled ambient conditions with the help of sophisticated tools and instruments. The technician's skill also plays a vital role. In view of these limitations, the simulation procedure has been adopted for measurements to confirm the results. The values of the control factors and noise factors selected as optimal combination for the linear and log power modes have been put into the simulation software to confirm the output results of the equipment. The output voltage values for both linear and log power mode have been found to be consistent with the input/output specifications of an ICA.
Figs. 10(a) and 11(a) show the results of the simulations carried out considering base line values of the control factors in the presence of stresses of gamma radiation along with temperature in the vicinity of ICA for the linear and log power modes Hence, the functional robustness of the optimized circuit of an ICA is reproduced under realistic operating conditions. It indicates that choosing the five optimized levels of the control factors for the ICA circuit, the functional behavior of the circuit remains unaltered irrespective of the variation in noise factors and the circuit of ICA can be considered qualified for radiation and temperature stresses.
The method basically identifies a suitable combination of important parameters of the hardware (semiconductor devices) circuit elements to achieve the specified output in spite of variations in the ambient conditions with respect to temperature and gamma radiation doses. Hence, the designer has to put only those devices in the circuit having parameter values recommended by the Taguchi method to obtain the desired quality performance. It is seen that the parameter values of passive components are not affected by the environment as mentioned above. Therefore, the Taguchi method has not been applied to passive components, e.g., resistors, inductors, capacitors, wires, connections, and PCB tracks. The Taguchi technique can be utilized for any type of electronic/electrical and process instruments/equipment to get the desired output under a varying environment, like in a nuclear environment.
IX. CONCLUSION
Generally, the requirement of high reliability and high quality design involves the use of rugged, precise, branded and sometimes even tailor made semiconductor devices in the circuits. In view of this, the use of military grade and radiation hard devices in the circuits used in nuclear instrumentation is quite common. However, this increases the cost of the instrument/equipment substantially. The work presented in this paper has demonstrated that incorporating the guidelines proposed by Taguchi may help the designer to use the normally available devices in an efficient and optimum manner to achieve the performance of the instruments comparable to those incorporating the special purpose devices as mentioned above. Thus, an instrument designed by adopting the Taguchi method offers higher quality and reliability for lower cost and qualifies the relevant standards. Design of an ICA has been presented as an example to highlight the importance of the Taguchi method. The Taguchi technique is able to reproduce the functional robustness of the optimized circuit of an ICA under the realistic operating conditions. Though, only the ICA has been considered in this paper, the proposed approach can be used for the design of any other instrument or equipment requiring exceptional reliability and quality. Even if radiation hardened components are used, a design based on the proposed scheme of Taguchi technique will render an even more robust and reliable system.
